In social interactions among mammals, individuals are recognized by olfactory cues, but identifying the key signals among thousands of compounds remains a major challenge. To address this need, we developed a new technique, component-activity matching (CAM), to select candidate ligands that ''explain'' patterns of bioactivity across diverse complex mixtures. Using mouse urine from eight different sexes and strains, we identified 23 components to explain firing rates in seven of eight functional classes of vomeronasal sensory neurons. Focusing on a class of neurons selective for females, we identified a novel family of vomeronasal ligands, steroid carboxylic acids. These ligands accounted for much of the neuronal activity of urine from some female strains, were necessary for normal levels of male investigatory behavior of female scents, and were sufficient to trigger mounting behavior. CAM represents the first step toward an exhaustive characterization of the molecular cues for natural behavior in a mammalian olfactory system.
INTRODUCTION
Mammals explore the chemical world with several olfactory modalities (Ma, 2007) . The accessory olfactory system (AOS) emphasizes the detection of social cues, sometimes called pheromones, that regulate behavior among members of the same species (Dulac and Torello, 2003; Halpern and Martí-nez-Marcos, 2003) . One of the great attractions of the AOS is the opportunity to explore the molecular, cellular, and circuit underpinnings of behavior in a genetically tractable mammal. Perhaps the most substantial current barrier to exploit this promise is our incomplete understanding of the natural cues that the AOS detects. Knowing more about the nature of the stimuli will enable sophisticated studies of sensory coding, circuit function, and behavior.
Several scent sources are known to be involved in chemical communication in mammals: secretory glands (lacrimal, salivary, and preputial), urine, and feces (Halpern and Martínez-Marcos, 2003; Kimoto et al., 2005) . Mouse urine excites widespread activity among vomeronasal sensory neurons (VSNs) (He et al., 2008; Holy et al., 2000; Stowers et al., 2002; Tolokh et al., 2013) and is the best behaviorally characterized source of chemical cues for mammalian social communication (Halpern and Martínez-Marcos, 2003) . Mouse urine conveys information about the sex and strain (Brennan and Keverne, 1997; Kimchi et al., 2007; Leypold et al., 2002; Pankevich et al., 2004; Stowers et al., 2002) . Although progress has been made recently toward identifying the molecular nature of pheromone cues by purifying individual ligands from mouse urine (Chamero et al., 2007; Hsu et al., 2008; Nodari et al., 2008) , the identities of olfactory ligands inside urine cues are largely unknown; there is not even an estimate of how many distinct compounds comprise the ''olfactory identity'' of an individual.
Here, we developed an approach, component-activity matching (CAM) (Figure 1) , with the aim of systematically and exhaustively defining a ''short list'' of candidate vomeronasal ligands that encode identity. This approach exploits the striking differences among natural stimuli across different sexes and strains of mice (Tolokh et al., 2013 ), which we use as a proxy for the variability that one might find at the individual level in natural, genetically diverse, populations of mice. With CAM, we performed a forward screen for compounds that may drive activity in vomeronasal neurons, without the need for laborious sample purification. Using a combination of physiological recording and quantitative liquid chromatography-tandem mass spectrometry (LC-MS/MS) (Figure 1 ), we identified a small set of constituents whose concentrations match a pattern of neuronal responsiveness across samples.
Using this approach, we focused on a class of neurons that responded to urine from females of all strains, but not to any male strains. We purified and structurally identified the two best CAM candidates to explain this pattern of neuronal activity. These two candidates are carboxylic acid steroid metabolites, which we call ''cortigynic acid'' and ''corticosteronic acid.'' Cortigynic acid accounts for one-fourth of neuronal activity of female C57BL/6J mouse urine. Cortigynic acid was 7-fold more abundant in the urine of gonadally intact adult female mice than in juvenile mice, was 30-fold higher than in an ovariectomized female, and was not detectable in male mice. When added to the urine of male mice, cortigynic acid induced additional exploratory behavior as observed previously with whole female urine (Pankevich et al., 2004; Holy and Guo, 2005; Guo and Holy, 2007) . Removing cortigynic acid from the female urine extract significantly decreased male's investigation time toward the ''deficient'' female urine extract. Finally, we found that the combination of cortigynic acid and corticosteronic acid is sufficient to promote malemounting behavior.
This manuscript describes the first steps in a comprehensive analysis of the molecular cues for identity in a mammalian olfactory system. We applied this approach to a long-standing mystery (Dixon and Mackintosh, 1975) and discovered the chemical identity of female sex pheromones for the mouse.
RESULTS

A New Strategy for Identifying Vomeronasal Ligands from Complex Mixtures
In urine, much of the activity that drives firing in VSNs originates from multiple compounds with similar physico-chemical properties (Nodari et al., 2008) . This similarity poses a major challenge to traditional methods for identifying the source of neuronal activity from complex mixtures. To overcome the difficulties, we developed a new strategy based on the observation that urine from different sexes and strains excites differing patterns of activity in vomeronasal neurons (Tolokh et al., 2013) . We hypothesized that these different neuronal patterns could be caused by different ligands present in one or more of urine samples. We reasoned that the molecular correlates of identity might, therefore, be discoverable by seeking compounds whose abundance could ''explain'' these patterns of physiological responses. By picking out compounds whose concentrations across samples matched the pattern of neuronal firing (activity), we were able to identify plausible VSN candidate ligands without any preliminary purification (Figure 1 ).
Diverse Vomeronasal Responses to Urine Samples from Different Sexes and Strains
Inspired by the genetic differences among individuals present in natural populations, we selected mice of four laboratory strains (BALB/c, C57BL/6J, CBA, and DBA; Figure 1 ) and tested their C18 urine extracts for their ability to drive spiking responses in mouse vomeronasal neurons. We used a multi-electrode array (Nodari et al., 2008; Arnson et al., 2010; Holy et al., 2000) to record spiking responses of large numbers of VSNs simultaneously from 13 intact vomeronasal neuroepithelia isolated from B6D2F1 male mice (Figure 2A ). To reduce potential confounds from saturation, each of these eight urine extracts was tested at three different dilutions: 1:100, 1:300, and 1:1,000. A total of 488 single neurons were isolated from these spike recordings. To test the reproducibility of the responses, each stimulus was presented once in each of five cycles, each cycle delivering stimuli and negative controls alternating with flush solution in pseudo-random order. This stimulation paradigm resulted in a very large number-a total of 130-stimulus trials for each neuron in each preparation ( Figure 2A ). Responses were quantified in terms of the mean change in firing rate, Dr, upon stimulation ( Figure 2B ).
Of 488 single units, 121 responded (Dr > 5 Hz and distinguishable from the response to the standard at a level of p < 0.05, t test) to at least one stimulus ( Figure S1 ). No neuron passing this test responded significantly to the independent negative control ( Figure S1 ). Individual neurons showed a diversity of responses: some showed specificity to a single sample; others responded to a few strains from the same sex; and yet others responded selectively for one or the other sex but were relatively insensitive to strain. Examination of the entire population of recorded neurons revealed that functionally similar neurons were observed repeatedly across different preparations ( Figure 2C ). Of 121 responsive single units, we manually collected 57 of the cells into eight functional classes, based on specificity, sensitivity, and repeated observation of patterns across multiple single units. Of the remaining (not categorized) units, most were weakly responsive, and the rest exhibited idiosyncratic responses that did not, on their own, appear to clearly justify formation of a class ( Figure S1 ). These classes served to select particularly clear ''exemplar'' neurons, which we temporarily assume to represent the entire class, for the purpose of identifying the ligands that drive them.
Chemical Profiles across Sex and Strain
These neurophysiological responses are presumably attributable to the presence of particular ligands in one or more of these samples, each at a specific concentration. If a response is driven by a single ligand, its pattern should be predictable from the concentration of the ligand across samples (Figure 1 )-samples containing higher concentrations of this ligand should drive more activity. We reasoned that the molecular correlates of identity might, therefore, be discoverable by seeking compounds whose abundance could ''explain'' these patterns of physiological response.
To quantify the relative abundance of the individual molecular components, these same urine extracts were profiled with LC-MS/MS. To achieve high sensitivity and specificity, we performed negative-ion nanoLC-MS/MS using a water/acetonitrile gradient for the LC and high mass resolving power (to enable mass accuracy of a few ppm). It is apparent ( Figure S2A ) that these samples show high chemical diversity, consistent with the differences observed electrophysiologically. When viewed at high mass resolving power, individual constituents were readily isolated from one another (Figures S2A and S2B) . In some cases, multiple compounds with the same mass-tocharge (m/z) ratio eluted at different times. We used a combination of automated and manual algorithms to segment individual peaks (see Experimental Procedures), focusing on those representing components with reasonably high ion counts in at least one sample. Altogether, we quantified the integrated ion counts for components represented by 1,634 different peaks with 862 distinct m/z values. In terms of total ion count, these components spanned more than four orders of magnitude in abundance (Figure S2C ), thus representing a ''deep'' profile of the individual constituents of these samples.
Molecular Correlates of Neuronal Responses
The central hypothesis of CAM is that individual compounds, present in one or more of the urine samples, might be the source of individual VSN responses. To test this hypothesis, we combined the relative abundance of a single peak across samples with the dilution factor during stimulus delivery, thereby generating an ''effective concentration'' of this putative ligand across all samples tested electrophysiologically. We then examined the extent to which the pattern of concentrations across samples could explain a VSN's response ( Figure 1 ). We fit the responses to the Hill equation ( the degree to which a particular ligand might ''explain'' this neuron's responses. Collectively, taking one exemplar from each of the eight neuronal classes ( Figure 2C ) led to 13,072 distinct measures of goodness of fit. An example class 2 ( Figure 2C , marked with yellow arrow in Figure S1 ) neuron (shown in Figure 3 ) exhibited a higher firing rate to BALB/c females, even at 1:1,000 dilution, than to any other sample ( Figure 3A ). This implies that any ligand explaining this pattern of firing must have at least 10-fold higher concentration in this sample than in any other sample. Most compounds did not fit this pattern. To illustrate, we choose one example, a compound giving an ion of m/z = 336.0723 eluting at 34%À 37% acetonitrile ( Figure 3B ) and exhibiting relatively little selectivity across samples. Correspondingly, when the concentration of this component, incorporating the dilution factor, was paired with firing rate, the resulting pattern of firing across samples was a poor fit to this model ( Figure 3C , c 2 = 352.6) and could be confidently excluded (p < 10
À50
, 21 degrees of freedom). In contrast, this constraint was met for a component giving an ion of m/z = 427.1793 eluting at 52%À56% acetonitrile ( Figure 3D ), and the firing pattern was well fit by the Hill equation with c 2 = 26.6 ( Figure 3E ; p = 0.18, meaning that the fit cannot be excluded as an explanation of this pattern of firing). We performed this analysis for all eight ''exemplar'' neurons (one per class), each with all 1,634 components. For the exemplar class 1 neuron ( Figure 2C , marked with green arrow in Figure S1 ), the fitting error to all components is shown in Figure 3F . Remarkably, only one gave a plausible fit, namely, the compound giving an ion of m/z = 427.1793 shown in Figures 3D and 3E. This accurate mass is consistent with a compound, 4-pregnene-11,20,21-triol-3-one 21-sulfate ( Figure 3F , marked with a green circle), that we previously identified from BALB/c female mouse urine (Hsu et al., 2008; Nodari et al., 2008) .
This result is a striking demonstration of CAM's ability to identify plausible candidate ligands among the thousands of compounds in mouse urine. To analyze all eight classes of physiological responses ( Figure 2C ), we set a generous cutoff of c 2 < 75
and focused on components represented by 400 peaks with highest ion count, as these were most likely to be reliably quantified across samples and purified in sufficient amounts for further experiments. For 7/8 sensory neuron classes, we obtained one or more plausible candidate ligands (Figure 4 ; with 1, 5, 9, 0, 2, 3, 4, and 12 candidates for classes 1-8, respectively). Altogether, this approach identified 23 unique candidate ligands to explain these seven patterns of response. The entire list of candidates is presented in Table S1 . These 23 components of urine represent a first short list of molecular cues encoding an individual animal's ''vomeronasal identity.'' Isolation of CAM Candidate Ligands for ''Pan-Female'' Neuron Response Type To test whether CAM successfully identified novel ligands, we decided to focus on a class of neuronal response lacking any Figure 2C , marked with a green arrow in Figure S1) for each of 1,634 components. Only a single component (marked with a green circle), the one in (D) and (E) , represents a good fit (c 2 < 75).
See also Figure S2 .
Figure 4. Candidate Ligands for Each Class of VSN Response
Goodness-of-fit plotted for the 400 most abundant components for each neuron shown at right. In each case, at most a handful of components represent plausible ligands. For each candidate with c 2 < 75, m/z and elution data are listed in Table S1 . Circles highlight a previously identified CAM ligand m/z 427.1793 (4-pregnene-11,20,21-triol-3-one 21-sulfate, green) and the two novel CAM candidates to explain a pan-female response (class 5), m/z 377.1971 (red) and m/z 361.2018 (purple). See also Figure S3 and Table S1 .
known ligands. Among mice, pheromones and other social odor cues convey information about sex, social status, and identity. We selected the ''pan-female'' response type (the fifth class in Figure 2C ), as no VSN ligand for ''femaleness'' has yet been identified. This pattern of neuronal activity had just two likely candidates, of which the best match was a compound that we preliminarily denoted as M377; the component elutes at 44%-46% acetonitrile and gives by mass spectrometry an anion of m/z 377.1971 (presumably [M -H] À , marked with a red circle in Figure 4) in the negative-ion mode. Direct inspection of the nanoLC-MS/MS profiles confirmed that this compound was found specifically in female mouse urine ( Figure S3 ). This class of neurons has just one other CAM candidate shown in Figure 4 , a compound we called M361, eluting at 54%-58% acetonitrile with a m/z 361.2018 (marked with a purple circle in Figure 4) .
The LC data indicated that these two compounds co-elute with many others, but that these contaminants are less severe in samples from C57BL/6J females. Therefore, we chose this strain for further purification. We fractionated 100 ml of C57BL/ 6J female mouse urine extract by high-performance liquid chromatography (HPLC) (see Experimental Procedures), using mass spectrometry to identify fractions containing ions of the anticipated m/z 377 and 361. The corresponding HPLC fractions were further purified by thin-layer chromatography (TLC) to obtain a sample of high purity.
M377
Accounts for Approximately One-Fourth of the Neuronal Response to Urine from C57BL/6J Females To determine whether M377 is the source of activity for all ''class 5'' neurons ( Figure 4) as predicted by CAM, we used OCPI/lightsheet fluorescence microscopy and calcium imaging to monitor neuronal activity in VSNs. Using male mice expressing GCaMP2 in VSNs (He et al., 2008) , we recorded responses in the intact whole-mount preparation (Turaga and Holy, 2012; Xu and Holy, 2013) . We presented urine extracts from BALB/c and C57BL/6J males and females, as well as purified M377 matching its endogenous concentration in C57BL/6J female urine extract. These stimuli were presented in four repeated trials, randomizing the order of stimuli within each cycle ( Figure 5A ). We recorded from two epithelial imaging volumes, containing an estimated 20,000 vomeronasal neurons (Turaga and Holy, 2012) .
We identified 1,463 cells as responding robustly to at least one of the urine extracts. The largest numbers of neurons were activated by urine from females, consistent with electrophysiological recordings ( Figure S1 ). Individual neurons were largely sex specific and displayed a range of strain selectivity. We also observed 130 neurons responsive to purified M377, demonstrating that this compound indeed activates a subset of neurons in the vomeronasal organ (VNO). Moreover, neurons responsive to M377 were also invariably responsive to urine from C57BL/6J and BALB/c females, but did not respond to urine from males (Figures 5B, 5C , and 5E).
To investigate quantitatively the relationship between responses to M377 and mouse urine, for each M377-responsive neuron, we compared the intensity of its DF/F to both M377 and C57BL/6J female mouse urine. The response amplitudes were closely matched over the entire range of response intensities ( Figure 5D ), indicating a 1:1 relationship between these neurons' responses to C57BL/6J female mouse urine and purified M377. Consequently, we conclude that these neurons' urine responses are caused by M377.
The characteristics of the M377-responsive neurons shown in Figure 5E -approximate equal sensitivity to BALB/c and C57BL6 female urine-are consistent with class 5 neurons (Figures 2C and 4) . Two other types of female-responsive neurons, labeled types 2 and 3 ( Figure 5E ), are consistent with classes 7-8 and 1-3 ( Figure 4 ), respectively; these neurons were unresponsive to M377. Table S2 . As a result of these analyses, the proposed structure of M377 is 16-hydroxycorticosterone 20-hydroxy-21-acid.
Structural Characterization of M377
To test the validity of this structural interpretation, we commissioned a custom synthesis of this proposed compound, as an epimeric mixture at carbon 20. Urine-derived M377 and synthetic 16-hydroxycorticosterone-20-hydroxy-21-acid were indistinguishable by thin-layer chromatography (TLC) and reversedphase HPLC ( Figure S4A ). Further, product-ion mass spectra of the synthetic and endogenous compounds were nearly indistinguishable ( Figures 6A and 6B) , indicating identical structures of the two. Fragmentations by MS 3 of major MS 2 fragment ions from both compounds are also consistent (data not shown).
We then asked whether synthetic M377 (16-hydroxycorticosterone 20-hydroxy-21-acid) showed the same neuronal activity as endogenous M377. The two stereoisomeric components of the synthetic epimeric mixture were quantified by HPLC as having a concentration ratio of 10:1, of which the less-abundant component matched the endogenous compound in elution time ( Figure S4A ). Synthetic 16-hydroxycorticosterone-20-hydroxy-21-acid and endogenous M377 were presented at three different concentrations (1, 0.1, and 0.01 mM) in four repeated trials, randomizing the order of stimuli within each cycle. VSNs responding to the synthetic compound also responded to endogenous M377 with identical concentration dependence ( Figure 6C) . These results conclusively demonstrate that M377 is 16-hydroxycorticosterone-20-hydroxyÀ21-acid.
This structure has several distinctive features. To our knowledge, biological activity of a steroid carboxylic acid has not been previously reported. As a 21-carbon steroid with a hydroxyl group at the 11 th position, this structure likely derives from metabolism of a glucocorticoid (Wang et al., 2010) . However, the hydroxyl group at position 16 is a motif characteristic of a female sex steroid, estriol, which in humans is only produced in significant amounts during pregnancy (Raju et al., 1990 À ), we deduced that this new unknown compound might be an immediate metabolic precursor of cortigynic acid. We hypothesized that the distinctive C-16 hydroxyl group of M377 might be added as the last step, and therefore, we proposed that M361 is 20-dihydro-corticosterone-21-carboxylic acid. To test our proposed structure for M361, we also commissioned a custom synthesis of this second compound. Urine-derived M361 and synthetic 20-dihydro-corticosterone-21-carboxylic acid were indistinguishable by thin-layer chromatography (TLC) (data not shown) and reversed-phase HPLC (Figure S4B) . MS/MS analysis demonstrated that the product-ion mass spectra of the synthetic and endogenous compounds are identical ( Figures 6E and 6F ). These results suggest that M361 is 20-dihydro-corticosterone-21-carboxylic acid, which we will also refer to as corticosteronic acid.
Combinatorial Coding of Female-Specific Ligands
To learn more about how these ligands are encoded by VSNs, we examined responses to a stimulus battery that included cortigynic acid and corticosteronic acid, together with 100-fold diluted urine samples from all four strains (BALB/c, DBA, C57BL/6J, and CBA) of females. Cortigynic acid and corticosteronic acid were presented individually at their endogenous concentrations in whole and in undiluted urine and in mixtures of the two spanning two orders of magnitude in concentration, the lowest of these approximately matching their concentrations in the diluted urine extract samples. Using male mice expressing GCaMP3 in VSNs, we recorded responses in the intact wholemount preparation (Turaga and Holy, 2012; Xu and Holy, 2013) by OCPI microscopy . From three epithelial imaging volumes, we identified 236 cells responding robustly to either cortigynic acid or corticosteronic acid. Using a clustering algorithm, we identified four types of responses. The first type was highly responsive to all four strains of females (the signature of class 5 neurons; Figures 2C and 4) and exquisitely sensitive to both cortigynic acid (M377) and corticosteronic acid (M361), exhibiting responses at sub-micromolar concentrations as present in the diluted urine samples. With the exhaustive sampling of OCPI microscopy and expanded range of stimulus concentrations, we also identified three other clusters responsive to at least one of these compounds and a subset of the mouse strains. One of these was strongly activated by BALB/c, DBA, and C57BL6, and perhaps weakly by CBA females; these neurons were responsive to high concentrations of M377 and M361, but only weakly responsive at the lowest concentration. As CBA females have the lowest endogenous concentration of M377 (by a factor of approximately 2; see Figure S3 ), it seems likely that the partial strain-selectivity of this class of neurons stems from a threshold effect at the tested concentrations. The two other clusters responded to a subset of strains and were not activated by M377, but were activated by M361. Consequently, multiple classes of VSNs (likely expressing different vomeronasal receptor genes) participate in a combinatorial code for the presence and concentration of these two ligands ( Figure 6G ).
Cortigynic Acid Is Specific to Sexually Intact Adult Female Mice
Cortigynic acid is expressed in urine of all tested adult female strains at a concentration near 1 mM and is essentially absent from the urine of adult males ( Figure S3 ). To further explore the factors that control its expression, we collected urine from estrus and non-estrus females, ovariectomized females, and juvenile males and females (see Experimental Procedures). Quantitative LC-MS/MS of these samples showed that cortigynic acid was 7-fold less-concentrated in the urine of P21 juvenile females and more than 30-fold lower in the urine of ovariectomized females (data not shown). There was no cortigynic acid detected in urine from adrenalectomized males and females (data not shown), indicating that its synthesis is affected by both the gonads and the hypothalamic/pituitary/adrenal axis. Somewhat surprisingly, the concentration of cortigynic acid was only modestly (at most $30%) modulated by the estrous cycle. To determine whether Table S2. cortigynic acid is species specific, we also examined hamster and rabbit urine from both sexes. No cortigynic acid was detected in these two species, suggesting that cortigynic acid is a female-specific cue for mice.
Cortigynic Acid Increases Investigatory Behavior of Male Mice
Male mice investigate urine from females significantly longer than urine from males, in a manner that depends on direct physical contact and an intact vomeronasal system (Pankevich et al., 2004) . This behavior depends on a positive cue in female urine, rather than a negative cue in male mouse urine: mixtures of the two stimuli cause similar investigatory behavior to that triggered by female urine alone, when presented at matching concentration (Guo and Holy, 2007) . We used an optical beam-break detector to record bouts of voluntary investigation by untrained, freely behaving male mice ( Figure 7A ). Because cortigynic acid, corticosteronic acid, and female urine extract are not volatile and therefore attract little notice by themselves, we separately added them to whole male mouse urine. We compared investigatory behavior to a swab with just male mouse urine against one with male mouse urine doped with 10 mM cortigynic acid, cortigynic acid + corticosteronic acid, female urine extract, and female urine. Each male was presented with each swab, plus a blank in between, in sessions of 120 s, spaced over a period of approximately 1 hr. The order of presentation of the stimuli was counterbalanced across mice, and the experimenter was blinded to the identity of the stimuli. Males investigated female mouse urine for durations that were many times longer than exhibited for male mouse urine. Extracts of female-mouse urine were not significantly different (p > 0.1) from whole female mouse urine, demonstrating that their particular interest in this stimulus is largely triggered by the non-volatile components ( Figure 7C ; **p < 0.00001, n = 11).
The addition of cortigynic acid alone to male mouse urine also triggered a large increase in behavioral investigation ( Figure 7C ; *p < 0.001, n = 11). The addition of corticosteronic acid to cortigynic acid did not significantly increase the male investigation time compared with that caused by M377 on its own ( Figure 7C ; p > 0.1, n = 11). To determine whether this effect is simply a consequence of novelty, we also tested whether a structurally similar compound 1,4-pregnandien-11b, 17, 20-triol-3-one-21-carboxylic acid (P0750) exhibited a similar effect. Using the same testing procedure, we found no difference between male urine and male urine doped with P0750 ( Figure S7C ; p > 0.7, n = 10), indicating that increased investigation is not a general reaction to any steroid carboxylic acid.
Transient receptor potential channels (TRPC2) play a fundamental role in detecting pheromonal and other chemical social recognition signals (Stowers et al.,2002; Leypold et al., 2002; Omura and Mombaerts, 2014) . In TrpC2 À/À mice, cortigynic acid did not increase the investigation time ( Figure S7D ). To complement the gain of function observed when adding cortigynic acid to male mouse urine, we asked whether cortigynic acid is necessary by removing it from female mouse urine. Female urine extract was separated by HPLC using a methanol/ water gradient and then recombined, omitting the two fractions (out of 100) containing M377 ( Figure S7B ). In behavioral testing, male mice significantly decreased their investigation of the ''deficient'' female urine extract compared to the whole female urine extract ( Figure 7D ; *p < 0.01, n = 12). Adding cortigynic acid back to the ''deficient'' female urine extract significantly increased male investigation time ( Figure 7E ; *p < 0.05, n = 12). These results demonstrate that cortigynic acid plays a major and specific role in attracting male investigation.
Cortigynic Acid and Corticosteronic Acid Are Sufficient to Promote Mounting Behavior
Classic experiments demonstrated that female mouse urine contains one or more pheromones that stimulate male mounting behavior (Dixon and Mackintosh, 1975; Haga-Yamanaka et al., 2014) ; however, the chemical identity of the cue(s) has never been established. To determine whether cortigynic acid and corticosteronic acid might be the missing cue(s), we painted the anogenital area of ovariectomized females with these compounds and exposed them to sexually naive males. Cortigynic acid alone significantly increased the total amount of time spent mounting ( Figure 7F ; p < 0.05, n = 12), but exhibited only a trendlevel increase on the total number of mounting episodes (data not shown). In contrast, females painted with corticosteronic acid alone did not undergo significantly more mounting than those painted with water ( Figure 7G ; p > 0.05, n = 12). Interestingly, the combination of cortigynic acid and corticosteronic acid induced the most robust mounting activity (Figures 7H-7K ; p < 0.02, n = 17). Thus, individually cortigynic acid is sufficient to induce mounting, but it exhibits a synergistic effect with corticosteronic acid.
DISCUSSION
To elucidate the vomeronasal code for identity, we developed CAM to perform a broad screen for ligands that ''explain'' the response of VSNs. This strategy exploits natural diversity to identify many candidate ligands from a single round of bioassays and is intrinsically parallelizable to multiple sensory neuron types. CAM's only requirements-functionally diverse samples and a richly quantifiable bioassay-may be met in other studies, making the technique broadly applicable.
Without requiring any purification, CAM identified a single compound, out of 1,634 possibilities, to explain responses of a neuronal type selective for urine from BALB/c females (Figure 3 ). This single compound had been previously identified from BALB/ c female-mouse urine (Nodari et al., 2008) , and this finding demonstrated that CAM can identify a small handful of plausible ligands from hundreds or thousands of candidates. We organized neuronal responses into eight reproducibly identified classes, of which seven had one or more CAM candidates. Explaining these responses would seemingly require a minimum of seven distinct ligands; our statistical analysis selected a set of 23 plausible candidates. It is also worth noting that some of these 23 candidate ligands apply to more than one class of neuron (Table S1). Indeed, our detailed analysis of the class 5 (Figures 2C and S1) candidate ligands (M377 and M361) demonstrated that four distinct classes of neurons responded to these two ligands. These results suggest that vomeronasal coding may be organized around many receptor genes that are tuned with differing specificities and sensitivities to a much smaller number of behaviorally relevant ligands. This interpretation is consistent with the much larger number of receptor genes ($300) than candidate ligands (23) in urine. Moreover, the structural similarity of cortigynic acid and corticosteronic acid, like that found in an earlier ligand discovery (Nodari et al., 2008) , suggests an emerging general pattern: that the vomeronasal system detects multiple intermediates in the same metabolic pathway, using multiple receptor genes as a combinatorial code ( Figure 6G ) to provide robust information about concentration and identity (Arnson and Holy, 2013) .
Neuronal responses to mouse urine were previously demonstrated to exhibit sex selectivity (He et al., 2008; Holy et al., 2000; Tolokh et al., 2013) . However, no urinary ligand exhibiting a pattern of sex-, but not strain-, specific distribution had yet been reported. Cortigynic acid and corticosteronic acid are the first potential cues for encoding ''sex'' from urinary cues for the mouse vomeronasal system. Cortigynic acid was present at high concentration only in intact adult female mice urine and was relatively constant across strains ( Figure S3) .
In behavioral tests, cortigynic acid substantially and significantly increased male investigatory and mounting behavior. When added to male urine, this one ligand increased the duration of investigation bouts by more than 2-fold. Conversely, removing cortigynic acid from female urine extract dramatically reduced male investigatory time ( Figure 7D ). Most remarkably, painting ovariectomized females with M377, alone or especially in conjunction with M361, significantly increased male mounting behavior. Based on results with a close structural analog, we speculate that the specific interest in this compound integrates multiple structural features, including the 16-hydroxyl functional group specific to female mice.
Previous results (Dixon and Mackintosh, 1975; Haga-Yamanaka et al., 2014) demonstrated that estrous urine, but not diestrous urine, was effective in promoting mounting behavior toward ovariectomized females. Here, we observed a robust increase in mounting with compounds whose concentration was at most modestly ($30%) influenced by the estrous cycle. There appear to be several possible interpretations of this result. First, it is possible that even a modest modulation of concentration is sufficient to lead to estrous-dependent behavior. Second, it is possible that estrous is signaled by the presence of cortigynic/ corticosteronic acid together with the absence of one or more (currently unknown) diestrous-specific cue(s). In such a scenario, the presence of cortigynic/corticosteronic acid would mimic estrous even though these compounds do not exhibit dramatic cycling. Third, to ensure that we would not miss a positive effect, in mounting assays cortigynic acid and corticosteronic acid were used at approximately 10-fold excess concentration compared to their natural concentrations; it is possible that these ligands cross-react to a receptor that is more sensitively tuned to a different, estrous-specific ligand. The conditions under which our urine samples were collected, with five animals per cage, were not optimal for studying the role of estrous; we anticipate that this will be an important topic for future studies.
Together with the identification of receptors, the identification of VSN ligands establishes a molecular foundation for understanding how sensory inputs are used in recognition and behavior. Although receptors tend to fall into gene families and can be exhaustively mapped via genome sequencing and homology analysis, organic ligands are diverse and have heretofore been discovered idiosyncratically. In this study, we developed a robust method that enabled us to systematically pick out plausible ligands for vomeronasal neurons. These results take a major step toward a comprehensive understanding of the molecular code for identity in the vomeronasal system.
EXPERIMENTAL PROCEDURES Mice
Male B6D2F1 mice 8-12 weeks of age were used in all electrophysiology experiments. tetO-GCaMP2/OMP-IRES-tTA mice (He et al., 2008) and Ai38(GCaMP3)/OMP-Cre male mice aged 8-12 weeks were used for imaging by objective-coupled planar illumination (OCPI) microscopy . Prior to dissection, mice were anesthetized with carbon dioxide and decapitated. All procedures were approved by the Washington University Animal Studies Committee. Sexually naive 3-month-old male B6D2F1 mice were used to examine mounting behaviors. Overiectomization of 2-monthold C57BL/6J females was performed by a veterinary technician from the Department of Comparative Medicine at Washington University in St. Louis.
Electrophysiological Recording and Calcium Imaging
Dissection and recording procedures were performed as previously described (Arnson et al., 2010; Turaga and Holy, 2012; Xu and Holy, 2013) ; briefly, intact B6D2F1 male vomeronasal epithelia were isolated, mounted on a multi-electrode array for electrophysiological recording, and adhered onto a nitrocellulose membrane (0.45 mm; Millipore) for calcium imaging. Before recording, the VNO was acclimated by superfusing with Ringer's for at least 30 min. The order of stimuli, together with Ringer's control, was randomized across multiple repeated trials. Further details about stimulus preparation, recording method, and data analysis can be found in Supplemental Experimental Procedures.
Component-Activity Matching, Purification, Structural Identification, and Removal of M377 from Urine Extracts See Supplemental Experimental Procedures.
Investigation Behavior
Male mouse chemosensory investigation was recorded as previously described (Guo and Holy, 2007; Holy and Guo, 2005) . Periods during which the swab was investigated were extracted algorithmically from the voltage signal from an optical beam-break detector. Significance was assessed by a paired t test. Further detail is presented in Supplemental Experimental Procedures.
Mounting Behavior
Individual B6D2F1 males were singly housed for at least 2 weeks without bedding change prior to the mounting test. Assays were performed in their home cages. Videos were scored manually using Interact Mangold software (Mangold International). Statistical significance was assessed by the MannWhitney test. Further detail is presented in Supplemental Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures, seven figures, and two tables and can be found with this article online at http://dx.doi.org/10.1016/j.cell.2015.09.012.
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